Abstract Temperature variations in the tropical tropopause layer (TTL) play an important role in dehydration in the upper troposphere and lower stratosphere. Equatorial Kelvin waves associated with the Madden-Julian Oscillation (MJO) are known to induce remarkable temperature variations in the TTL. In this study, the influence of topography on temperature variations in the TTL is investigated by using radiosonde data, satellite data, reanalysis data, and numerically simulated data. When MJO convection passes over the radiosonde sites, temperature variations near mountainous regions are larger than those measured in regions of lower elevation. The difference in temperature amplitude reaches~1-2 K. Large temperature variations over mountainous regions were also found in other data sets. Numerically simulated data from the Nonhydrostatic Icosahedral Atmospheric Model (NICAM) are also used to investigate the temperature variations in the TTL. The results show that the temperature variations associated with Kelvin waves become large over mountainous regions. A sensitivity test using the stretched version of NICAM gave two important results: (i) the height of mountains affects the magnitude of the temperature variations in the TTL, and (ii) the terrain-following coordinate system used in the model produces the artificially high-temperature variation in the TTL. When Kelvin waves pass over mountainous regions, topographic gravity waves are excited and superimposed on the Kelvin waves, thereby producing large temperature variations over these regions. The mountainous region of the Indonesian Maritime Continent is a favorable location for large temperature variations in the TTL.
Introduction
The tropical tropopause layer (TTL) is the coldest region in the troposphere. Because of the cold temperature, the saturated water vapor mixing ratio becomes low in the TTL. When air enters the stratosphere from the troposphere through the TTL, substantial dehydration occurs. As stratospheric ozone is affected by the amount of water vapor entering the stratosphere [e.g., Holton et al., 1995; Kley et al., 2000; Fueglistaler et al., 2009] , temperature variations in the TTL are thought to be an important factor controlling the amount of stratospheric ozone.
waves with a period of 5-6 h introduce modulation of the tropopause temperature with an amplitude of 2.5 K. Kubokawa et al. [2012] used output data from the Nonhydrostatic ICosahedral Atmospheric Model (NICAM) simulations to demonstrate that the temperature variations in the TTL are associated with gravity waves. They showed that gravity waves generated by tropical cyclones induce temperature variations with an amplitude of 1.9 K, extending 1000 km from the tropical cyclone. Kubokawa et al. [2010] also used NICAM simulations and showed that a large-amplitude gravity wave with a zonal scale of 600 km is superimposed on the cold phase of Kelvin waves. The superposition of the waves produces the coldest regions in the TTL. Kubokawa et al. [2010] reported that the gravity waves are generated by deep convection. Suzuki et al. [2013] observed variability in cirrus clouds using radiosonde data and a shipborne high-spectral-resolution lidar system, revealing that cirrus cloud variability is associated with inertia-gravity waves and equatorial Kelvin waves (both with a period of~4 days), and equatorial Kelvin waves (period of~16 days). The superposition of different waves is an important factor in generating the extremely cold region in the TTL.
In general, the generation of gravity waves in the equatorial region is thought to be related to deep convection or mountains [e.g., Satomura and Bougeault, 1994; Zhang et al., 2013 Zhang et al., , 2014 . Over mountainous regions, various waves from small to large scales may coexist. We therefore investigate the influence of topography on temperature variations in the TTL. In our previous study [i.e., Kubokawa et al., 2012] , we found that temperature variations over mountainous regions had amplitudes twice as large as those over the ocean. This temperature difference may be a model artifact. There is still a possibility that the temperatures become colder over the mountainous regions even in the real atmosphere. Gravity wave drag is an important control on atmospheric circulation. The orientation of mountain ranges is also important for momentum transport [Satomura, 1996] . As horizontal resolution becomes higher, the scale or orientation of mountain ranges also becomes important. All these factors mean that we should investigate the characteristics of gravity waves near mountainous regions.
We focus on the differences in temperature variations between the mountainous region in the Indonesian Maritime Continent and the western Pacific Ocean. We use radiosonde data obtained from the Cooperative Indian Ocean experiment on intraseasonal variability in the Year 2011 (CINDY) and the Dynamics of the Madden-Julian Oscillation (MJO) (DYNAMO) observational campaign [e.g., Yoneyama et al., 2013] . We also analyze Constellation Observing System for Meteorology, Ionosphere and Climate (COSMIC) satellite data and four types of reanalysis data. We use NICAM [Tomita and Satoh, 2004; Satoh et al., 2008 Satoh et al., , 2014 to investigate the sensitivity of temperature variability to model configuration and the mechanisms generating these large temperature variations. The model has a horizontal resolution of 7 km, which enables us to investigate the different characteristics of temperature variations over mountainous regions and the ocean.
The remainder of this paper is organized as follows. We describe the methodology and details of each data set in section 2. Section 3 presents the temperature variations obtained from radiosonde data, satellite data, reanalysis data, and NICAM simulations. In section 4, we use the stretched version of NICAM [Tomita, 2008b] to show the role of topography in the temperature variations in the TTL, and we discuss the gravity wave characteristics simulated by the model. Details of the stretched version of NICAM (Stretch-NICAM) are also discussed in section 4. Finally, our conclusions are provided in section 5.
Data

Observational Data
We use radiosonde data obtained during the CINDY/DYNAMO field campaign at Singapore (103.80°E, 1.33°N, 14 m), Padang (100.35°E, 0.88°S, 2 m), Medan (98.40°E, 3.33°N, 27 We analyze the data from 12 September 2011 to 30 January 2012, when R/V Roger Revelle cruised between 10°S and 10°N. We vertically interpolated all the data at 100 m intervals. The uncertainty in these temperature measurements is 0.5 K.
The GPS radio occultation (RO) temperature profiles obtained from COSMIC data [Anthes et al., 2008] during the Northern Hemisphere winter, January ), February (2007 -2009 ), and December (2006 -2009 , are also analyzed. In the data period from 2006 to 2009,~1500-2000 temperature profiles are available per day, while~1000 temperature profiles are available per day after 2010. These data have 100 m vertical resolution from the surface to levels above 30 km. Since the GPS RO technique is influenced by the water vapor amount in the lower troposphere, we only analyze the data above 16 km altitude where the water vapor amount is low. The GPS RO data were downloaded from the COSMIC Data Analysis and Archive Center website (http://cosmic-io.cosmic.ucar.edu/cdaac/index.html). The horizontal distribution of average temperature is shown in section 3.1. We calculated the average field used for Figures 3a and 3b by the following two steps. (1) We sampled the temperature and location information at altitudes of 16.1 and 16.9 km during the period between 16 December 2006 and 15 January 2007 (this period corresponds to that of the NICAM MJO experiment discussed in section 2.3). (2) We then averaged these temperature data over each 2.5°× 2.5°bin in the tropics (30°S-30°N). Note that there are on average three data points per bin at the equator and six data points per bin in the subtropics. For the calculation of the standard deviation of temperature (Figure 3c ), we used 1°× 1°bins and data from four northern hemisphere winters, i.e., during December (2006 -2009 ), January (2007 ), and February (2007 -2009 . In this case, there are on average 10 (15) data points per bin at the equator (in the subtropics).
Reanalysis Data
Four reanalysis data sets are analyzed: (1) the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Re-analysis (ERA-Interim) [Dee et al., 2011] , (2) Modern Era Retrospective-analysis for Research and Applications (MERRA) [Rienecker et al., 2011] , (3) National Centers for Environmental Prediction-Climate Forecast System Reanalysis (NCEP-CFSR) [Saha et al., 2010] , and (4) ECMWF Year of Tropical Convection (ECMWF-YOTC) [e.g., Moncrieff et al., 2012] . The horizontal spacing of these data is 1.5°, 1.25°, 0.5°, and 0.125°, respectively. The data period for the first three data sets (1)-(3) is from 16 December 2006 to 15 January 2007, the same as for the NICAM MJO experiment discussed below in section 2.3. For the ECMWF-YOTC data (4), we use December (2008 and 2009 ), January (2009 ), and February (2009 data because of the limited period available. The data information listed above is summarized in Table 1 . In these data periods, GPS RO data are assimilated into NCEP-CFSR and ECMWF-YOTC.
Numerically Simulated Data
We use experimental data from the NICAM simulation run under the atmospheric conditions of 15 December 2006 to 15 January 2007 by Miura et al. [2007] . This data set was also analyzed by Kubokawa et al. [2012] . This experiment captured the characteristics of the Madden-Julian Oscillation (MJO) [Madden and Julian, 1994] , such as the eastward propagation of large-scale organized clouds with a horizontal scale of several thousand kilometers. We refer to this experiment as the NICAM MJO experiment. NICAM uses an icosahedral grid with a nonhydrostatic system and does not use a cumulus parameterization scheme. The horizontal spacing was set as 3.5 km and 7 km in Miura et al. [2007] . We use only 7 km grid data because its integration period extends tõ 1 month, while the 3.5 km experiment was only run for a week. The number of vertical levels was set as 40 with the model top at 38 km and a vertical spacing of 1.4 km in the upper troposphere. The initial conditions of the experiment are from the National Centers for Environmental Prediction (NCEP) Global Tropospheric Analysis data. There was no nudging of the atmospheric data during the integration. The sea surface temperature (SST) condition was given by the weekly mean data of the Reynolds SST data set. The vertical spacing of this experiment might appear a little coarse, but it was found that the simulated TTL temperature variation, such as the phase speed associated with Kelvin waves, corresponded closely to the reanalysis data [Kubokawa et al., 2012] . The average features, the characteristics of deep convection, and the influence of the waves on the TTL temperature variation were also discussed in Kubokawa et al. [2012] . In section 4, we also use the Stretch-NICAM [Tomita, 2008b] to investigate the sensitivity of the variability in tropopause temperature to the model configuration. The details of the experimental setup for Stretch-NICAM are described in section 4. ERA-Interim and the National Oceanic and Atmospheric Administration (NOAA) outgoing longwave radiation (OLR) data are used to evaluate the reproducibility of the Stretch-NICAM simulation. In section 3.1, we also use these two data sets to evaluate large-scale disturbances. The GTOPO30 data are used as topography in the Stretch-NICAM simulation. This data set was developed by the U.S. Geological Survey's Center for Earth Resources Observation and Science (https://lta.cr.usgs.gov/GTOPO30). It has a horizontal spacing of about 1 km.
Results
Observational Data (CINDY/DYNAMO Field Campaign Radiosonde Data and COSMIC Satellite Data)
First, we discuss the temperature variation by using radiosonde data observed during the CINDY/DYNAMO field campaign (see Figure 1 ). In the CINDY/DYNAMO observational campaign, there were 19 observatories between 30°E and 140°E, 15°S and 15°N (see Figure 2 ). Because we focus on the influence of topography, we use the three sites near the mountainous region and three observatories away from the mountainous region. Here we regard the sites around 100°E (Singapore, Indonesia Padang, and Indonesia Madan) as near the mountainous region, and 120°E (Indonesia Makassar and Indonesia Palu) and 75°E (Male) and R/V Roger Revelle as observatories away from the mountainous region. Here we show the results at 16.1 km height. The results at other heights, such as 16.9 km (corresponding to the cold point tropopause in the NICAM simulation, as discussed in section 4 [see Kubokawa et al., 2012, Figure 2] ), show similar amplitudes in temperature variations. At all the observatories, low temperatures lasting for about 2 weeks are seen in the second half of almost every month. In ERA-Interim reanalysis data, this low temperature is associated with the eastward propagating convective system of an MJO (not shown). During the CINDY/DYNAMO observational campaign, standard deviations of temperature at Singapore, Padang, Medan, Makassar, Palu, and Male are 2.82, 3.07, 2.82, 2.40, 2.60, and 2.27 K (see Figure 1h ), respectively. Since there is a lot of missing data from R/V Roger Revelle compared with other observatories, we do not calculate the standard deviation for the ship data. As stated in section 2, the campaign period for Male is shorter than at the other observatories. We found that the temperature variations (amplitude) associated with the MJO convective system are larger at the observatories near the mountainous region (100°E) than at those farther away. We focus on the period between 30 December 2011 and 10 January 2012, when the coolest (warmest) temperature reaches 188-190 K (200-201 K) near the mountainous region, while in the observatories away from the mountainous region (around 120°E), the coolest (warmest) temperature reaches 190 K (199-200 K) . The amplitude of the temperature variations becomes larger, reaching~1-2 K near the mountainous region; this amplitude is observed at Singapore and Padang. Note that the temperature variation at Palu in the first half of October is almost as large as at Singapore or Padang. Similarly, the temperature variation measured by the R/V Roger Revelle (Figure 1g 
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Next, we discuss the result from COSMIC satellite data. Figures 3a and 3b show the horizontal distribution of temperature at 16.1 km and 16.9 km averaged over the time period for the NICAM MJO experiment, as stated in section 2.1. Figures 3a and 3b show that the cold regions are found over the western Pacific, the American continent, and the African continent. We found that the temperature derived from reanalysis data (Figure 4 ) over the continent is 2 K colder than that from COSMIC satellite data. Comparing Figure 4 (from the NICAM MJO experiment data at 16.9 km and from reanalysis data at 100 hPa or 16.1 km) with Figure 3 (from COSMIC data at 16.9 km and 16.1 km), we find that the NICAM MJO experiment data showed tropical tropopause temperatures 2 K colder than the reanalysis data, while the reanalysis data generally showed temperatures 2 K colder than COSMIC data. However, the horizontal anomaly patterns are quite similar among the three data sets. Figure 3c also shows the longitudinal distribution of the standard deviation of temperature at 16.1 km and 16.9 km. Here we use the data between 1°N and 2°N. We selected this latitudinal zone because radiosonde sites (see Figure 2 ) are located within this region. We found that longitudinal variations are very similar between these two levels. A high standard deviation is found around 100°E, 110°E, and 115°E. These longitudes correspond to the mountainous regions (see Figure 5d ). Although the number of samples is small in each bin, the standard deviation at these bins (longitudes) is statistically significant (90% significance level, F-distribution). Here the significance level is determined at each bin (longitude). If the standard deviation at a given bin is sufficiently large compared with that of the next bin (longitude), it is deemed to be statistically significant. If we only use the period between December 2006 and January 2007 (corresponding to the MJO experiment period), although we find clear large temperature variations around the mountainous region, there are many gaps in the data (not shown). If we use a 2.5°× 2.5°grid bin so that the number of samples increases, we do not find this large temperature variation near the mountainous region. This result indicates that the scale of the phenomenon is smaller than 2.5°× 2.5°.
Reanalysis Data
We examine temperature variations in the TTL in the four reanalysis data sets. First, we show the average field from each reanalysis. Figure 4 shows the horizontal distribution of average temperature at 100 hPa (around the tropopause). These figures, except for the ECMWF-YOTC data, were averaged between 16 December 2006 and 15 January 2007 in order to directly compare them with the results from the NICAM MJO experiment discussed in the next section. For the ECMWF-YOTC data, only selected periods are available, so we averaged temperatures for the following winter seasons: December (2008 January (2009 ), and February (2009 . We found that an area of relatively low temperatures over the western Pacific region formed a horseshoe shape pattern [Highwood and Hoskins, 1998; Nishimoto and Shiotani, 2012] . The horizontal distribution of vertically coldest temperatures (less than 190 K) was similar in the four reanalysis data sets. However, the temperature over the western Pacific region of the NICAM MJO experiment (Figure 4a ) is~2 K colder than in the reanalysis data (Figures 4b-4e ). It should be noted that these two levels (i.e., the heights of the NICAM MJO experiment (16.9 km) and the reanalysis data (100 hPa)) are different. Figure 5 shows the standard deviation of temperature near 1°N. Over the western Pacific region, there are three high topography regions between 1°N and 2°N, around 100°E (Sumatra), 110°E, and 115°E (Kalimantan) (see Figure 5d ). Note that the selected latitudes for each reanalysis data set are slightly different because the horizontal spacing is different between the data sets. The standard deviations of temperature have a similar structure in all data sets. At around 94°E and between 104°E and 116°E, higher values of the standard deviation are found. In contrast, lower values are seen around 100°E and east of 115°E. The higher values between 104°E and 116°E correspond to the mountainous region around 114°E as shown by Figure 5d . However, there were smaller standard deviations for another mountain range around 100°E. Thus, temperature variations over the mountainous region are not necessarily larger in the reanalysis data. However, temperature variations over the mountainous region (between 110°E and 116°E) increase with increasing horizontal resolution of the reanalysis data (that is, the resolution of the numerical model used for the reanalysis data).
Next, we discuss the results from the higher horizontal resolution ECMWF-YOTC data (0.125°). As discussed in Journal of Geophysical Research: Atmospheres 10.1002/2016JD025569 section 2, the data period differs from the other reanalysis data. We focus on the period between 1 December 2009 and 28 February 2010, during which a clear eastward propagating signal is evident (Figure 6a ). In December 2009, two cold anomaly events were seen between 90°E and 120°E; the first event was around 12 December, and the second was around 25 December. Similarly, we found two warm anomaly events in the same longitudinal range; the first warm event was around 1 December, and the second was around 20 December. These cold and warm anomalies were eastward propagating signals and are considered to be Kelvin waves; they possess several characteristics of Kelvin waves discussed in Parker [1973] (not shown). We focus on the temperature variations associated with these Kelvin waves.
Locally warmer temperatures were evident between 110°E and 120°E, for example, on 20 December 2009, 10 January 2010, and 20 January 2010 (see Figure 6a) . Figures 6b and 6c show the temperature variations at 115°E and 120°E. In December 2009, we found a clear temperature variation with wave-number-one structure (indicating Kelvin waves) [Kubokawa et al., 2012] . At 115°E, there were local maxima of the original . The period of these waves is about 10 days and is within the typical range of Kelvin waves. We also found that the amplitude of the temperature variation at 115°E (over the mountainous region) was~1-2 K higher than at 120°E. Similar higher (lower) temperature amplitudes were also found at 100°E (90°E, over the ocean) (not shown). Figures 6d and  6e show the power spectral densities of temperature at 115°E and 120°E, respectively. There is a clear difference in the power at periods between 8 and 12 days. We found that the temperature variations associated with Kelvin waves were different over the mountainous region and over the plain or the ocean. Figure 7 shows the temperature variations simulated by the NICAM MJO experiment at four locations along 1.3°N at a height of 16.9 km, which is close to the average height of the tropopause: (a) 90°E over the ocean, (b) 100°E and (c) 115°E over the mountainous region, and (d) 120°E over the plain. As described in section 2, this experiment captured the eastward propagation of the convective system associated with the MJO whose horizontal scale is~6000 km. The phase speed of the MJO is~3 m s
Numerically Simulated Data (MJO Experiment)
À1
, which is the typical propagation speed of the MJO [Madden and Julian, 1994] . The TTL temperature variations are mainly caused by Kelvin waves generated by convection associated with the MJO [Kubokawa et al., 2012] . We found that the temperature at all four locations is modulated by a signal with wave-number-one structure. This temperature variation is associated with Kelvin waves [Kubokawa et al., 2012] . At 90°E, the temperature is~192 
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The temperature then increases with time to a maximum of 210 K on 12 January 2007, before decreasing again. The temperature variation at this point implies the existence of a shorter time scale disturbance (about a 4 day period, which might be a mixed Rossby-gravity wave [Numaguti et al., 1995] We found that the local minimum of temperature on 2 January 2007 corresponded to the cold phase of the wave-number-one Kelvin wave. The amplitudes of the temperature variations at 90°E, 100°E, 115°E, and 120°E were~10 K, 20 K, 15 K, and 10 K, respectively. We found that the temperature variability was larger over the mountainous region (100°E and 115°E) than over the ocean and the plain (90°E and 120°E). In general, the amplitude of Kelvin waves is~4-10 K [Fujiwara et al., 1998; Yamamoto et al., 2007] . In this simulation, the amplitude of Kelvin waves over the ocean and plain is~10 K, which is consistent with the observed values. However, over the mountainous region the amplitude of the Kelvin waves exceeds 15 K, which is too large compared with the previously observed values. We found that such a large temperature variation over this region is not directly related to deep convection (not shown) and that there was no deep convection over the mountainous region when large temperature variations occurred, suggesting a possible influence of topography. An amplitude of 15 K is so large that it might result in the coldest temperature in the TTL. This might lead to strong local dehydration if such a large amplitude exists in the real atmosphere.
In summary, we investigated the temperature variations around the tropopause in regions located near and away from the mountainous region. In local radiosonde data, temperature variations near the mountainous region become~1-2 K larger than in regions farther away. Note, however, that this difference is not always seen. In addition, there is a similar temperature change in the R/V Roger Revelle data. These large temperature changes are mainly observed when an MJO passes over the observatory. This may be caused by small-scale 
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disturbances superimposed on the large and slow-moving temperature change associated with the MJO. Similarly, the data collected from the R/V Roger Revelle show small-scale disturbances superimposed on the large, slow temperature change. In the satellite data, temperature variations near the mountainous region are also large. The difference reached 2-5 K and was larger than that of the radiosonde data. This may be caused by the sparse sampling within the COSMIC data sets. In the reanalysis data, we found that the standard deviations of temperature near the mountainous region became larger with higher horizontal resolution of the reanalysis data set. In the ECMWF-YOTC data, the temperature amplitudes associated with Kelvin waves become larger over the mountainous region, reaching 1-2 K, consistent with the radiosonde observations. The temperature variations of the MJO experiment show larger amplitudes over the mountainous region (i.e., twice those over the ocean). Over the ocean, the amplitude is consistent with previous observations of the influence of Kelvin waves on the temperature at the tropical tropopause. We speculate that the amplitude difference between the mountainous region and the ocean is limited to~2 K and that such a difference may be caused by gravity waves generated by the topography. In the next section, we investigate the reason for the difference between the observations and NICAM data.
Mechanism of Temperature Variation Near the Mountain Region
Sensitivity to Mountain Heights
In this section, we investigate the following three points by using the Stretch-NICAM [Tomita, 2008b] : (1) the influence of mountain heights on the temperature variations around the tropopause, (2) the effect of model configuration (vertical coordinate) on the temperature variations around the tropopause, and (3) the mechanism of temperature variations near the mountain region.
NICAM can be used as a regional model by transforming its grid mesh to focus on a specific region [Tomita, 2008b] . The Stretch-NICAM saves computational resources by focusing on a specific region at high resolution. The horizontal resolution becomes coarser for the region outside the target region, but in this study we are only interested in the local results within the target region. Because the Stretch-NICAM has the same dynamical core and physical package as the global-NICAM, it can be assumed that the model bias is the same in the two models.
First, we investigate the influence of mountain heights. Here we perform three experiments: control, experiment 1, and experiment 2 (hereafter referred to Ctl, ExpL, and ExpH, respectively). In ExpL and ExpH, we change the mountain height. Details of the experimental design are given in Table 2 . For the initial conditions, we used data from the National Center for Environmental Prediction Global Data Assimilation System [National Centers for Environmental Prediction, 2011], and the integration was performed for 5 days, starting at 00:00 UTC on 1 June 2012. No nudging of the atmospheric observations was used during the integration. Sea surface temperature was kept constant. In this study, we discard the data on the first day because it is regarded as a spin-up phase and use the remaining 4 days of data for analysis. The output interval is 30 min. The microphysics scheme used in this study is NICAM Single-moment Water 6 [Tomita, 2008a] , including water vapor, cloud water, rain, cloud ice, snow, and graupel as hydrometeors. The target area is over the tropical western Pacific, 20°S-20°N, 80°E-120°E, including the Indonesian Maritime Continent. We set the ratio of maximum/minimum horizontal grid size (stretching factor) as 100. The minimum horizontal grid spacing is~7 km in the target area. GTOPO30 data were used as the topography, as presented in section 2. In this simulation, we used 40 vertical levels. The vertical grid interval is~1.4 km around the tropopause, and the model top height was set at 40 km. For ExpL and ExpH, we changed the height of the hybrid e_fold = 12,000 a The differences in settings with respect to the control experiment are shown in bold.
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mountains in the target area; the mountain height is halved for ExpL and is doubled for ExpH. The areal averaged (20°S-20°N, 80°E-120°E) tropopause height is found to be 16.9 km in all three experiments.
Figures 8a and 8b show the time-averaged temperatures between 2 June and 5 June 2012 for the Ctl simulation and the ERA-Interim and NOAA OLR, respectively. At this time, an eastward propagating cold region near the tropopause passed over the Indonesian Maritime Continent (not shown), followed by a warm region. In Ctl, a time-averaged cold region is found over the Indonesian Maritime Continent. The location of the cold region in the simulation agrees fairly well with that of ERA-Interim. The warm region is also well simulated on the west side of the cold region; however, the simulated temperature has a warmer bias compared with ERA-Interim. Fujiwara et al. [2012] showed that ERA-Interim has a cold bias compared with other reanalysis data sets. Figures 8c and 8d also show the time-averaged OLR. Convective regions are found over the northwest side of Sumatra in both the simulation and the observations (NOAA OLR; Figure 8d ). Figure 8e shows the standard deviations of temperature around the 
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tropopause for the simulation. Higher values of the standard deviation are seen over the mountains in Sumatra (equator, 100°E) and Kalimantan (4°N, 117°E). Figure 9 shows the longitudinal distributions of the time-averaged temperature at 0.75°N (Figures 9a, 9c , and 9e) and the standard deviations of temperature in the upper troposphere and lower stratosphere (UTLS) region (Figures 9b, 9d , and 9f) at the same latitude. Near the tropopause level (16.9 km; Figure 9c ), the averaged temperature has a minimum at around 100°E in all the experiments, although the temperature change is relatively small in ExpL. Around 115°E, the averaged temperature becomes lower in Ctl, while it becomes warmer in ExpH. At around 18.4 km height in the lower stratosphere (Figure 9a ), these local changes are reversed. Below the tropopause height at around 15.5 km (Figure 9e ), the local temperature change around 100°E is found only in ExpH, but this change is smaller than that in Figure 9c 
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Thus, the temperature variability at 95°E does not depend on mountain heights. At 95°E the standard deviations of OLR are larger (not shown), indicating that the higher variabilities in temperature in this region are caused by convective activities. At 115°E, higher values are found for ExpL and ExpH, while there is no significant peak in Ctl. Below the tropopause height (Figure 9f) , higher values are found at around 100°E for Ctl and ExpH. At around 100°E, there is no significant change for ExpL, while at 95°E and 115°E, the temperature variability increases with mountain height.
In summary, we performed experiments on sensitivity to mountain heights and found the following results:
(1) the averaged tropopause temperature (at 16.9 km; Figure 9c ) has a local minimum at around 100°E in all three experiments; (2) when the mountain height is doubled, a clear temperature variation is found in the UTLS region and the standard deviation doubles; and (3) when the mountain height is halved, the influence of topography on the temperature variability becomes very small at 100°E for the UTLS.
Choice of Vertical Coordinates
In the simulations Ctl, ExpL, and ExpH, a terrain-following vertical coordinate was used. Although this vertical coordinate is commonly used in many nonhydrostatic models, it is recognized that errors in horizontal pressure gradients may be produced over steep mountainous regions with this coordinate [Klemp, 2011] .
Here we change the vertical coordinate system from the terrain-following coordinate to a hybrid coordinate, to examine whether spurious disturbances were generated [Simmons and Burridge, 1981] . We briefly explain the hybrid ζ coordinate system. The height z (x, y, ζ ) in this system is z = (z t À Ah) ζ zt + Ah, where z t is the top height of the model, h(x, y) is the surface height distribution, and A is a constant. When A = 1, this is equivalent to the terrain-following coordinate system. For example, z = ζ at h = 0, while z > ζ at h > 0; in other words, the height of a ζ surface over a mountain is higher than that over the ocean. This produces artificial horizontal pressure gradients even on the same ζ surface. When A is closer to zero, the artificial horizontal gradient becomes closer to zero. According to Klemp [2011] , the parameter A can be specified to transition the vertical coordinate from the terrain-following at the surface toward constant height surfaces aloft more rapidly than in the terrain-following coordinate. The hybrid coordinate is known to reduce errors in pressure gradients above a fixed level (e-folding height, m). We performed two experiments with e-folding heights of 10,000 m (ExphyL) and 12,000 m (ExphyH). Figure 10 shows the longitudinal distributions of average temperature and the standard deviation of temperature in the UTLS region for Ctl, ExphyL, and ExphyH. The peak in the average temperature around 100°E and 115°E is reduced in ExphyL and ExphyH near the tropopause (16.9 km; Figure 10b ) and in the lower stratosphere (18.4 km; Figure 10a ). Similar to the average temperature, the standard deviation of temperature is reduced in ExphyL and ExphyH around (1) 95°E, 100°E, and 115°E in the lower stratosphere (Figure 10b ), (2) 100°E and 115°E near the tropopause (Figure 10d ), and (3) 100°E below the tropopause (Figure 10f ).
It is clear that the errors in pressure gradients around the mountainous region were produced by the use of the terrain-following coordinate, as is the high standard deviation of temperature simulated by the MJO experiment shown in Figure 7 . However, there are still slightly higher values (~0.5 K) of the standard deviation around 100°E near the tropopause when the hybrid coordinate is used in ExphyL and ExphyH (Figure 10d ). In the next section, we use the results from ExphyH and discuss the local temperature variation over the mountainous region to investigate its cause. Figure 11 shows the horizontal distributions of the anomaly fields of temperature and meridional wind obtained by applying a spatial band-pass filter of 0.4°-6.0°. We applied the filter to show the characteristics of gravity waves more clearly. In Figures 11a and 11b , the temperature and wind anomaly fields have a clear wave pattern along the dashed lines. At this time, there is a warm region running from northwest to southeast, with cold regions on either side. In the lower stratosphere (Figure 11b ), the phase of this wave pattern is reversed. The wave patterns in temperature and meridional wind anomalies show a quadratic phase difference along the dashed lines. This phase relationship indicates that the disturbances are gravity waves with a horizontal wavelength of 200 km and a temperature (meridional wind) amplitude of~2 K (2 m s
Analysis of Data From the Hybrid Coordinate Simulation
À1
). Figure 11c shows the horizontal-vertical distribution of temperature and meridional wind anomalies from the lower troposphere to the lower stratosphere. Here we find the wave structure extending from the lower Journal of Geophysical Research: Atmospheres
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troposphere to the lower stratosphere. This wave structure originates at a height of 1 km (the vertical axis starts from 1.0 km). Because the mountain height in this region is~1 km, this wave is likely generated by a mountain in the Indonesian Maritime Continent. The vertical wavelength is~5 km. According to linear wave theory, we estimate the period of this wave to be~7 h.
When a Kelvin wave with a large temperature amplitude passes over the Indonesian Maritime Continent (see Figure 8a) , gravity waves are generated by the mountains and are superimposed on the Kelvin wave around the height of the tropopause (see Figure 11a ). This superposition of the waves produces the large temperature variation around the tropopause (Figure 10d ). The mountainous region in the Indonesian Maritime Continent (~100°E) is a favorable area for the superposition of gravity waves onto Kelvin waves.
Concluding Remarks
We investigated temperature variations in the TTL over the mountain region by using various observational data sets including radiosonde data, satellite data, and reanalysis data at different horizontal resolutions, together with numerical data simulated by NICAM. 
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We examined the variations in tropopause temperature by using radiosonde data obtained during the CINDY/DYNAMO observational campaign. We selected data from the observatories around 100°E to represent the mountainous region, and those around 120°E to represent the plain. Radiosonde data at Male (90°E, over the island) and from the observing ship R/V Roger Revelle were also used. We found that when Kelvin waves with a larger temperature amplitude pass over the western Pacific region, temperature variations near the observatories located around 100°E (mountains) become larger than those located around 120°E (plains) and at Male. The difference in amplitude between these two regions reaches 1-2 K. In contrast, the temperature variation derived from the data obtained from the R/V Roger Revelle is similar to that near 100°E. These larger temperature variations are produced by the superposition of waves of different scales.
We investigated the temperature variations during the rainy season using COSMIC satellite data between 2006 and 2010. Because of the limitations of data coverage, we calculate the standard deviations around the tropopause. We found higher values of the standard deviation, 5-8 K, over the mountainous region, while the average value of the standard deviation for 90°E and 120°E is~3.2 K.
Using the reanalysis data with different horizontal resolutions, we found that the greater temperature variation over the mountainous region becomes clearer when increasing the horizontal resolution of the reanalysis data. In the ECMWF-YOTC data with the highest horizontal resolution, temperature variations associated with the Kelvin waves over the mountainous region are~1-2 K larger than over the plain. The power spectrum of Kelvin waves shows that the power in the 8-12 day period range over the mountainous region is stronger than that over the plain. The results from these reanalysis data indicate that temperature variations associated with Kelvin waves are larger over the mountainous region.
In the MJO experiment, simulated by the global-NICAM with a horizontal mesh interval of 7 km, when the Kelvin waves pass over the Indonesian Maritime Continent the temperature amplitude over the mountainous region is twice that over the plains. Note that the amplitude over the ocean is consistent with observations, while the temperature variations over the mountainous region derived from the MJO experiment are much larger than in the observations. To investigate this difference, we performed sensitivity experiments by using the Stretch-NICAM, which is computationally less expensive than the global-NICAM. When the mountain height is doubled (halved), the average temperature at tropopause height increases (decreases) over the mountain region, and the standard deviation of temperature increases (decreases). Thus, the mountain height greatly affects the temperature variations in the UTLS region.
We tested the dependency on the choice of the vertical coordinate by changing from the terrain-following coordinate to a hybrid coordinate with two different e-folding height scales. The temperature variations and standard deviation over the mountain region become smaller and more realistic when the hybrid coordinate is used. However, even when the hybrid coordinate is used, the standard deviation is appreciably higher over the mountainous region around 100°E (0.5 K, smaller than the radiosonde observations), and this increase is robust. By analyzing the results of the simulation with the hybrid coordinate, we found that this high standard deviation is caused by gravity waves generated by the mountains in the Indonesia Maritime Continent (~100°E).
There are two important results from this study. First, we found large temperature variations over the mountainous region over the Indonesian Maritime Continent. The variations,~1-2 K over the mountainous region, are associated with Kelvin waves passing over the Indonesia Maritime Continent. The magnitude of this variation is about the same as that of the seasonal cycle of tropopause temperature. The mountainous region can be considered as a source of gravity waves, and various waves (from small to large scales) coexist over the mountainous region. We propose that a superposition of gravity waves and a Kelvin wave produces the large temperature variations. According to the quasi-horizontal transport theory proposed by Holton and Gettelman [2001] , the minimum temperature is important for dehydration. When an air mass passes over the mountain region, it may experience a much larger horizontal temperature gradient. This may affect the amount of water vapor entering the stratosphere. The second point is concerned with the model configuration. The terrain-following coordinate system generally used for atmospheric models may produce larger temperature variations near the tropopause over mountainous regions. The choice of vertical coordinate needs to be considered carefully if we wish to discuss temperature variations near the tropopause and dehydration. We found some discrepancy between radiosonde data and reanalysis data. In the ECMWF-YOTC data, the amplitude of Kelvin waves becomes larger; however, the temperature variations associated with the Kelvin waves are not caused by the superposition of the waves (Kelvin waves and gravity waves). In addition, at 100°E in the reanalysis data the standard deviation is not high. These differences have yet to be resolved. In a future work, we will investigate the relationship between the phase of Kelvin waves and the influence of the location of mountains in generating gravity waves.
